In July 2014, we collected samples of gray mold from red raspberry growing in Gangneung, Gangwon Province, Korea. The disease symptoms were dark brown lesions covered with gray spore masses on the twigs, blossoms, leaves, and fruits of infected plants.
Red raspberry (Rubus ideaus L.) is a member of the Rosaceae family. The species is native to eastern North America and is grown as a perennial crop. More than 200 species of raspberries exist. All of the commercially important species are prized for their unique and delicate fruit flavor and the fruits are frequently used in fresh deserts. Red raspberry is an economically important small fruit species; the fruit is a rich source of antioxidants and phytochemicals and therefore has potential health benefits. The plants are commercially grown in greenhouses or in open fields, often under plastic tunnels. Red raspberry is widely distributed throughout temperate regions of Europe, Asia, and North America and shows the greatest diversity in China. However, it is a new crop in Korea.
Botrytis cinerea (teleomorph Botryotinia fuckeliana) is a necrotrophic ascomycete fungal pathogen with a broad host range. This pathogen causes gray mold on a variety of dicotyledonous plants, including many vegetables, fruits, ornamental flowers, and greenhouse plants [1, 2] . The disease is manifested by necrotic areas with extensive fungal growth, and these result in the characteristic appearance of gray mold. Botrytis infections are favored by a cool, rainy spring season and summer temperatures of approximately 15°C (60°F). Gray mold can be particularly damaging when rainy and/or damp weather occurs over several days.
The disease has been reported on strawberry, raspberry, and blackberry in the USA and China [3, 4] but has not previously been reported in Korea. The objective of the present study was to identify the causal agent associated with gray mold observed on red raspberry in Korea, based on culture characteristics, molecular phylogenetics, and pathogenicity.
Fungal isolation and pathogenicity test. In July 2014, we observed gray mold symptoms on red raspberry growing in Gangneung, Gangwon Province, Korea. The disease symptoms included dark brown lesions covered with gray spore masses on the twigs, blossoms, fruits, and leaves of infected plants (Fig. 1A-D) . For pathogen isolation, small pieces of infected leaves and twigs were sterilized by immersion in 0.1% sodium hypochlorite (NaOCl) for 1 min, rinsed three times with sterile distilled water, and cultivated on potato dextrose agar (PDA; Difco, USA) for 7 days at 20 ± 2°C.
To determine the fungal pathogenicity, 50 mL of conidial suspension (1 × 10 6 spores per mL, 0.5% glucose, 0.25% K 2 HPO 4 ) were sprayed onto a red raspberry plant. The plants were then incubated in a growth chamber (20°C, 90% relative humidity at 48 h). After 5 days, the inoculated plants leaves showed gray mold symptoms that were similar to the original symptoms ( Fig. 1E ). The fungal pathogen was re-isolated from the disease lesions of the inoculated plants; the morphological characteristics of the re-isolated pathogen were identical to those of the original isolates. In other words, the fungal pathogen fulfilled the criteria stipulated by Koch's postulates and was identified as the causal agent of gray mold on red raspberry.
DNA extraction, polymerase chain reaction, and sequence analysis. The pathogen was isolated from the diseased lesions of red raspberry by using the surface sterilization method.
Mycelia were obtained from a 7-day-old culture on PDA. For DNA extraction, mycelia were placed in 250-mL flasks containing 100 mL of potato dextrose broth and were incubated for 4 days at 20°C on a rotary shaker (135 rpm). The mycelia were harvested by vacuum filtration through Whatman No. 1 filter paper, lyophilized for 24 h, and ground to a fine powder. Next, 100 mg of the ground powder was transferred to a 1.5-mL Eppendorf tube and DNA was extracted by using the CTAB extraction method [5] .
To confirm the identity of the causal fungus, the entire internal transcribed spacer region (ITS) rDNA was amplified and sequenced by using universal primers for ITS1 (5′-TCCGTAGGTGAACCTGCGG-3′) and ITS4 (5′-TCCTCCGCTTATTGATATGC-3′) [6] and a universal primer pair for the nuclear protein-coding gene HSP60 (forward 5′-CAACAATTGAGATTTGCCCACAAG-3′; reverse 5′-GATGGATCCAGTGGTACCGAGCAT-3′) [7] . The polymerase chain reaction (PCR) was performed in a 25-μL reaction mixture containing 0.5 μL of each primer, 0.5 μL of Taq DNA polymerase (Bioneer, Korea), 0.5 μL of each dNTP, 2.5 μL of 10× PCR reaction buffer, 18.5 μL of distilled water, and 2.0 μL of template DNA. The reaction was performed in
Mastercycler Gradient (Eppendorf, Germany). For ITS, the conditions were pre-denaturation at 94°C for 5 min, followed by 35 cycles each of denaturation at 94°C for 35 s, annealing at 52°C for 55 s, and elongation at 72°C for 1 min, and a final extension step at 72°C for 10 min.
For the HSP60 gene fragments, the conditions were pre-denaturation at 94°C for 5 min, followed by 35 cycles each of denaturation at 94°C for 30 s, annealing at 55°C for 30 s, and elongation at 72°C for 90 s, and a final extension step at 72°C for 10 min. The obtained nucleotide sequences were searched by using BLASTn available from the GenBank database (http://www.ncbi.nlm.nih.gov/BLAST/). Phylogenetic analysis of Botrytis cinerea was performed by using the MEGA5 program with the neighbor-joining method [8] .
Identification and characterization of Botrytis cinerea. We obtained four fungal strains from red raspberry with gray mold and we examined one of these strains, namely GRGM-3.
We identified this strain as Botrytis cinerea based on morphological examination of the isolated fungus and the results of rDNA sequencing analysis. The fungal colonies were grayish brown and produced abundant conidia after 14 days of cultivation on PDA at 20 ± 2ºC (Fig. 1F) . The conidia were single-celled, ellipsoidal or ovoid in shape, dark brown, and 5.9-10.8 μm × 4.9-7.3 μm in size (Fig. 1G-H) . The conidiophores were solitary, cylindrical, terminally branched, 13.4-27.5 μm wide, grayish to olivaceous gray, and smooth (Fig. 1I) .
After three weeks, the fungus formed several black sclerotia near the edge of the Petri dish.
The morphological characteristics of the identified species are summarized in Table 1 . The ITS and HSP60 gene sequences were compared with the GenBank database sequences by using the NCBI BLAST search tool. To confirm the species identification, the ITS and rDNA nuclear protein-coding regions of an isolate were amplified and sequenced by using the primers for ITS1, ITS4, and HSP60. BLAST analysis of the resulting 500-bp nucleotide segment (GenBank, KP255842) showed 100% identity with the sequence of Botryotinia fuckeliana (teleomorph of Botrytis cinerea). For further confirmation, the nuclear proteincoding gene HSP60 was sequenced; the obtained sequences (DDBJ, LC020016) showed 99% identity with those of Botryotinia fuckeliana. The sequences identified based on HSP60 gene alignment were 99% similar to those of several Botrytis cinerea species (accession nos.
KF85741.1, KM016534.1, KP120873.1, and LC009698.1). Thus, we confirmed Botrytis cinerea as the causal agent of gray mold on red raspberry in Korea (Fig. 2) . To the best of our knowledge, this is the first report of gray mold caused by Botrytis cinerea on red raspberry (Rubus ideaus L.) in Korea. fruits, and leaves; E, plant used in the pathogenicity test; F, 14-day-old colony growing on potato dextrose agar (PDA); G and H, conidia examined by using light and scanning electron microscopy; I, conidiophore and conidia examined by using scanning electron microscopy (SEM). Scale bars: G=5μm; H=1μm; I=20μm. program [8] .
